A utoimmunity is often associated with lymphopenic conditions (1, 2) . Notably, thymectomy (Tx) 3 at 3 days of age (d3-Tx), in addition to a severe T cell lymphopenia, induces autoimmune diseases, such as gastritis, thyroiditis, or oophoritis, in selected mouse strains that are not genetically prone to autoimmunity (3, 4) . Insulitis and type 1 diabetes have not been reported in any of the normal mouse strains subjected to d3-Tx.
Recent thymic emigrants undergo homeostatic proliferation in neonates (5, 6) . It is well established that such proliferation is IL-7 dependent for the vast majority of T cells, and self-peptide/self-MHC dependent for a minority subset. Thus, self-recognition events induce strong proliferation (or spontaneous proliferation) of the infrequent autoreactive T cells present in normal individuals, and those with high-affinity receptors may become aggressive, notably if secondary factors favor autoimmunity development (7) (8) (9) (10) .
It was first hypothesized that d3-Tx-induced autoimmune pathologies resulted from a deficiency in natural CD4
ϩ Foxp3 ϩ T regulatory (Treg) cells, whose initial export from the thymus was thought to be delayed, compared with conventional T cells (4) . However, more recent studies showed that Treg cells are present in the periphery of 3-day-old mice, expand after Tx, becoming even more frequent than in unmanipulated mice while retaining their suppressive activity (11) . Thus, in susceptible mouse strains, the emergence of autoimmune disorders after d3-Tx may indicate that, following spontaneous proliferation, the strength of the effector arm of the autoimmune reaction is such that Treg cells cannot fully control this reaction.
A relationship between lymphopenia and autoimmune diabetes has been evoked. The diabetes-prone BioBreeding rat (DP-BB) and the nonobese diabetic (NOD) mouse develop autoimmune diabetes characterized by T cell-dependent destruction of insulin-producing ␤ cells in the pancreas. The DP-BB rat exhibits a severe T cell lymphopenia (12) , and a recent study indicates that the state of lymphopenia may be a factor that drives the development of autoimmune diabetes in some (13) but not all NOD mouse colonies (14, 15) . We previously demonstrated that Tx at 3 wk (wk3-Tx), but not at 6 wk, precipitates the onset of diabetes. Interruption of thymic export at 3 wk induces a significant reduction in the T cell pool and, consequently, CD4
ϩ T cell proliferation (16) , but the mechanisms involved in diabetes acceleration remain unclear.
Breakdown of tolerance to islet cell Ags during the natural development of diabetes has been ascribed to the genetic lack of RT6 ϩ Treg cells in DP-BB rats (17) and to the age-dependent decline of Treg cell function in NOD mice (18, 19) . Failure of Treg cells was also assigned for the exacerbated autoimmunity observed in lymphopenic d3-Tx mice (4) . However, decline of Treg cell activity may not be the only factor affecting autoimmunity in genetically diabetes-susceptible mice (20, 21) , and pathogenic T cell behavior should be considered.
It was intriguing that, in NOD mice, Tx affected diabetes onset when performed as late as 3 wk, while in control mice, autoimmune disorders required Tx to be performed during the first week of life. This paradox may relate to the respective implication of effector T (Teff) and Treg cell compartments in the tolerance breakdown ensuing Tx. To better appraise the fate of Teff and Treg cells in Tx-induced autoimmunity in autoimmune-prone NOD mice, the consequences of thymus ablation at 3 days were determined in comparison to wk3-Tx.
Materials and Methods

Mice
NOD and NOD-scid mice were bred under specific pathogen-free conditions. Recipients of diabetogenic T cells were NOD-scid mice aged 4 -6 wk. Diabetic mice were pooled and used within the week following disease onset. This study was approved by the local ethics committee on animal experimentation.
Antibodies
The following Abs and reagents were used purified or conjugated to biotin or to a fluorochrome (FITC, PE, PerCP, allophycocyanin, allophycocyanin-Cy7, or PerCP-Cy7): anti-CD62L, anti-CD3, anti-CD11b, anti-CD45R/B220, anti-CD4, anti-CD8, anti-Ly76, anti-CD25, anti-CD103, anti-CTLA-4, anti-glucocorticoid-induced TNFR-related protein (GITR), streptavidin, (BD Pharmingen/BD Biosciences), and antimouse Foxp3 (eBioscience).
Flow cytometry
Cells from spleen, peripheral lymph nodes (perLN), pancreatic lymph nodes (PLN), and mesenteric lymph nodes (MLN) were preblocked using purified anti-CD16/32 and then sequentially stained with biotin-or fluorochrome-labeled Abs, and with streptavidin conjugated to the appropriate fluorochrome. Intracellular Foxp3 staining was performed according to the manufacturer's protocol. Analysis was performed using a FACSCalibur and CellQuest software or a FACSAria and Diva software (BD Biosciences).
Thymectomy
Three-week-old mice were thymectomized by the suction technique. The thymus of 3-day-old pups was removed as previously described (4). Shamoperated animals (sham-Tx) were used as controls. Mice with residual thymi were excluded from experiments.
Cell purification
To isolate CD4 ϩ cells, spleen and lymph node (LN) cells were labeled with a mixture of biotinylated anti-CD8, anti-Mac-1, anti-B220, and TER-119 Abs followed by streptavidin microbeads and separated using a VarioMACS device (Miltenyi Biotec 
Histopathology
Pancreas, stomach, ovaries, and testes were fixed in Bouin's solution and processed for paraffin embedding. Four sections (5 m) taken at 100-m intervals were stained according to the hematein-eosin-safranin method.
For gastritis, stomach histological status was simply recorded as Ϫ (no mononuclear cells) or ϩ (mild to severe lymphocytic infiltration).
Statistical analysis
Pooled data were computed as mean Ϯ SEM and compared using Student's t test or one-way ANOVA. The incidence of diabetes was studied using the log-rank test.
Results
Effects of d3-Tx on autoimmune disease development in NOD mice
The cumulative incidence of diabetes in d3-Tx NOD females at 34 wk of age was 9 (45%) of 20 compared with 23 (66%) of 35 for controls. These prevalences were not significantly different ( p Ͼ 0.05). The first diabetic mouse was diagnosed at 10 -11 wk in both groups (Fig. 1A) .
At 12 wk of age, the frequency of healthy islets was significantly increased in d3-Tx mice (94 Ϯ 3.2%) compared with controls (73.2 Ϯ 9.6%; p ϭ 0.01). In 17 (68%) of 25 d3-Tx mice, 100% of their islets were free of infiltrating cells vs 2-60% of the islets in control mice. Retardation of insulitis essentially concerned islets in the process of destruction (1.6 Ϯ 1% in d3-Tx mice vs 16.2 Ϯ 6.4% in controls, p ϭ 0.0005), peri-islet infiltration being similar in both animal groups (Fig. 1B) .
As reported in BALB/c mice, d3-Tx induced gastritis in NOD mice and its frequency tended to increase with age ( Fig. 1C) . Ovaries and testes remained free of mononuclear cell infiltrates, and d3-Tx NOD mice did not develop a wasting syndrome as observed in other mouse strains (data not shown) (23) .
Our results indicate that d3-Tx induced gastritis but did not accelerate diabetes onset and even delayed the development of insulitis.
Evaluation of T and B lymphocyte subsets in d3-Tx and wk3-Tx NOD mice
First, we investigated the time course of lymphocyte subsets in the blood of d3-Tx mice over an 8-wk period. After d3-Tx, the frequency of circulating CD4 ϩ and CD8 ϩ cells was significantly decreased, while the proportion of B cells was increased ( Fig. 2A) .
Spleen and perLN cells of the same mice were analyzed at 12 wk (Fig. 2B ). d3-Tx resulted in a significant reduction in the total cell number in the spleen (50%) and the perLN (75%; data not shown). Changes in the frequencies of T and B cells, due to Tx, were comparable to those observed in the blood. Given the severe reduction of the peripheral organ cellularity, the absolute numbers of T lymphocyte subsets were significantly diminished in both organs, but B cell numbers remained unchanged (Fig. 2B) .
Analyses of wk3-Tx mice at 9 wk of age, in agreement with earlier results (15) , showed that the cellularity of spleens was not significantly modified compared with sham-Tx mice, while total cell numbers of perLN exhibited a 30 -50% reduction (data not shown). Analysis of the CD4 ϩ T cell pool showed that in sham-Tx mice, CD4 ϩ cells were 2-fold more numerous than in wk3-Tx mice and 4-fold more numerous than in d3-Tx (Fig. 3B) .
The numbers of T cells were more affected in perLN than in spleen likely because both d3-Tx and wk3-Tx mice harbored more cells expressing an activated cell phenotype, in particular, low levels of CD62L (see below and Ref. 16 ) required for LN homing.
Analysis of CD4
ϩ Foxp3 ϩ cells after d3-Tx and wk3-Tx
Next, we analyzed CD4 ϩ Foxp3 ϩ Treg cells in 7-to 9-wk-old mice. A significant increase in Foxp3 ϩ cell frequency among CD4 ϩ cells was observed in all organs tested of both Tx mice (Fig. 3, A and B) . This increase was more important after d3-Tx than after wk3-Tx and less important in PLN and MLN than in perLN and spleen of wk3-Tx mice. Consequently, the reduction of the absolute number of CD4 ϩ Foxp3 ϩ cells was moderate in the spleen and perLN (no reduction in other LNs) of wk3-Tx mice, but severe after d3-Tx in all organs (Fig. 3B) .
The two CD4 ϩ Foxp3 ϩ Treg subsets, defined by the expression of high level or low level/lack of CD25, were further analyzed. Interestingly, the frequencies in Foxp3 ϩ CD25 ϩ cells among CD4 ϩ cells were similarly increased in all organs of wk3-and d3-Tx mice. Thus, the differences in frequencies of total Foxp3 ϩ cells observed between both thymectomized mice were essentially ascribable to a greater increase in the percentage in Foxp3 ϩ CD25
Ϫ cells of d3-Tx mice. Notably, as opposed to control and wk3-Tx mice, Foxp3 ϩ CD25 Ϫ cells were more frequent than their Foxp3 ϩ CD25 ϩ counterparts in the spleen of d3-Tx mice. When results were expressed as absolute numbers of cells, it appeared that in wk3-Tx and control mice that the size of the Foxp3 ϩ subsets was not significantly reduced, whereas after d3-Tx, Foxp3 ϩ CD25 ϩ and Foxp3 ϩ CD25 Ϫ cell numbers were reduced 3-to 5-fold and 2-to 3-fold, respectively (Fig. 3B) cells. This increase was significantly higher in d3-Tx mice (ϳ3-fold) than in wk3-Tx mice (Յ2-fold). The frequency of activated cells among CD4 ϩ Foxp3 ϩ Treg cells was on average Ͻ20% in control mice, 30% in wk3-Tx mice, and 50% in d3-Tx mice (Fig. 4A) . However, the absolute numbers of the activated CD103 ϩ CTLA-4 high CD62L Ϫ/low GITR high Treg cells remained roughly unchanged in the three groups of mice, except in the spleen of wk3-Tx mice where their frequency was increased (Fig. 4C) .
Activated/memory CD62L Ϫ conventional T cells are more frequent in the spleen than in the LNs and concentrate diabetogenic ϩ Foxp3 ϩ T cells in 7-to 9-wk-old control and thymectomized mice. Cells from spleen, perLN, PLN, and MLN were analyzed. Cells were surface stained for CD4 and CD25, followed by intracellular staining for Foxp3, and analyzed by flow cytometry. A, Expression of Foxp3 and CD25 on gated CD4 T cells. B, Frequency and absolute numbers of conventional and regulatory CD4 T cell subsets. Mean Ϯ SEM corresponds to 12 sham-Tx, 7 wk3-Tx, and 6 d3-Tx mice for all organs, except for MLN which results from five shamTx, two wk3-Tx, and four d3-Tx mice. One-way ANOVA was used for statistical analysis. p Ͻ 0.05: ‫,ء‬ wk3-Tx vs sham-Tx; #, d3-Tx vs sham-Tx; and §, wk3-Tx vs d3-Tx.
T cells (22). Analysis of the activated/memory conventional CD4
ϩ CD62L Ϫ Foxp3 Ϫ T cells showed a Ն2-fold increase in their frequency in the spleen of both thymectomized groups (Fig. 4B ) and in the LNs of d3-Tx mice only (data not shown). In contrast, the absolute number of CD4 ϩ CD62L Ϫ Foxp3 Ϫ cells in wk3-Tx mice was unchanged, but almost 3-fold decreased in the spleen of d3-Tx mice compared with sham-Tx mice (Fig. 4C) .
The memory conventional CD4 cells:memory Treg cells ratio (Fig. 4C ) and the conventional CD4 cells:total Treg cell ratio (data not shown) show that, after both Tx, the relative proportion of Treg cells was 2-fold increased. These results suggest that the acceleration of diabetes onset after wk3-Tx may not result from a numerical defect in Treg cells.
Regulatory T cells from wk3-and d3-Tx NOD mice are functional
The function of Treg cells was first tested in vitro. As their normal counterparts, CD4 ϩ CD25 ϩ cells from adult wk3-Tx and d3-Tx mice did not respond to soluble anti-CD3 stimulation and were able to suppress the proliferative response of CD4 ϩ CD25 Ϫ cells in vitro (Fig. 5) .
Second, in cotransfer experiments, CD4 ϩ CD25 ϩ cells from wk3Tx mice protected from diabetes transfer as efficiently as their control mouse counterparts (Fig. 6A) . Thus, the early onset of diabetes in wk3-Tx mice may not be related to a dysfunction of Treg cells.
Due to the scarcity of Treg cells in the spleen of adult d3-Tx mice, we could not directly test these cells in vivo. However, total T cells from d3-Tx NOD mice protected against diabetes transfer as well as T cells from control mice (Fig. 6B) . Thus, in d3-Tx mice, T cells exhibited a suppressive activity against diabetes transfer.
Both d3-and wk3-Tx mice harbored cells with a protective activity against diabetes development as efficient as that of control mice. However, the rate of diabetes onset was normal in d3-Tx mice and accelerated in wk3-Tx mice. This may result from a differential expansion of diabetogenic T cells.
Diabetogenic Teff cells are enriched only after wk3-Tx
We tested diabetogenic spleen T cells in diabetes transfer experiments. In such experiments, the more diabetogenic T cells are injected, the earlier diabetes is diagnosed. However, a 3-to 4-wk time lag between cell injection and diabetes onset is required.
The rates of diabetes onset after transfer of 10 ϫ 10 6 spleen T cells from 8-wk-old female sham-and d3-Tx mice were similar, but much slower than with cells from diabetic mice (Fig. 7A) . Using 30-wk-old donors, we confirmed that diabetogenic T cells from control and d3-Tx mice caused diabetes with similar kinetics (data not shown). Thus, the comparable incidences of diabetes in d3-Tx and control mice correlate with similar pathogenicity of anti-␤ cell T cells.
Transfer of diabetes with CD25 Ϫ T cells from 8-wk-old wk3-Tx mice showed an accelerated onset of diabetes compared with control cell transfer (Fig. 7B, upper graph) . To strengthen this observation, we used two doses of CD62L Ϫ T cells that concentrate all diabetogenic T cells. With the larger dose (10 6 cells), all mice became diabetic but cells from wk3-Tx mice induced diabetes more rapidly than cells from control mice ( p ϭ 0.044). When 5 ϫ 10 4 cells were injected, 100% of the recipients of wk3-Tx cells and only 40% of the recipients of control cells developed diabetes ( p ϭ 0.023; Fig. 7B, lower graph) . These results indicated that adult d3-Tx and sham-Tx mice harbored equivalent numbers of diabetogenic cells, while the pool of pathogenic T cells was enhanced in wk3-Tx mice.
Discussion
The natural development of autoimmune diabetes in NOD mice involves multiple events among which are defects in the thymic negative selection of ␤ cell-specific T precursors and in Treg function at the periphery (28) .
Diabetes onset is precipitated or delayed/inhibited under the influence of diverse interventions. We previously showed that wk3-Tx accelerates diabetes development in NOD mice (15) . We now report that although Tx of 3-day-old NOD mice induced gastritis, as found in susceptible normal mouse strains, it had no consequence on diabetes prevalence. These observations prompted us to analyze and compare the Teff and Treg cell compartments in euthymic, wk3-and d3-Tx NOD mice. The severity of Tx-induced lymphopenia being related to the size of the T cell pool at the time of surgery, wk3-Tx mice showed a milder lymphopenia than d3-Tx mice. The wk3-Tx-induced lymphopenia concerned essentially naive CD4 ϩ cells, whereas activated/memory and Treg cell numbers remained unchanged, as reported elsewhere (16) . D3-Tx induced a severe reduction of all T cell populations. In both thymectomized mouse groups, Treg cells were as efficient as their control mouse counterparts. In wk3-Tx mice, the concentration of diabetogenic T cells among the activated/memory T cell pool was increased, while in d3-Tx mice, it was similar to that in sham-Tx mice.
In a lymphopenic environment, mature naive, memory, and Treg cells divide and expand, partially reconstituting the peripheral lymphocyte pool. Two forms of lymphopenia-induced proliferation (LIP) have been described (7, 8) . "Homeostatic" T cell proliferation is undergone by the vast majority of injected or residual T cells, is slow, self-MHC independent, and requires IL-7. "Spontaneous" proliferation corresponds to the expansion at a very rapid rate of the rest of T cells, i.e., 5% of T cells in NOD mice (29) . Spontaneous proliferation is IL-7 independent, driven by both specific recognition of self-peptide-MHC complexes (30, 31) , and by gut-derived microbial Ags (10, 16, 32) and generates the bulk of the T cells recovered when equilibrium is reached (7) . Hence, the peripheral T cell pool becomes greatly enriched in autoreactive T cells expressing an activated/memory phenotype, which predisposes to autoimmunity (28, (33) (34) (35) .
In euthymic normal neonates, a model of transient lymphopenia, peripheral T cells proliferate strongly for more than 10 days (5). d3-Tx amplifies and prolongs this self-Ag-driven proliferation (6, 33, 34) . Consequently, activation of the autoreactive T cell repertoire, following neonatal Tx in several nonautoimmune mice, results in organ-specific autoimmunity that can be detected as early as 3 wk after Tx (36) . This lymphopenia-associated autoimmunity occurs in mice thymectomized before 7 days of age (37, 38) . When Tx is performed in older mice, no signs of autoimmunity emerge. The effects of d3-Tx in mice spontaneously developing organ-specific autoimmune diseases, such as the NOD mouse, have not yet been reported.
Breakdown of tolerance to islet-related Ags in NOD mice is evidenced from 4 to 5 wk of age when the first signs of insulitis appear, soon after the initial encounter of Teff cells with their cognate Ag (39 -41) . However, activated Teff cells are held in check by Treg cells in the PLN and the pancreatic islets for several weeks (41) (42) (43) . Several explanations may account for the onset of diabetes: a reduction in Treg cell number and/or function and an increase in Teff cells coinciding or not with a heightened resistance of diabetogenic T cells to regulation.
Our results show that, although d3-Tx resulted in severe T cell lymphopenia, the frequency of Foxp3 ϩ Treg cells among CD4 ϩ T cells was greatly increased and their suppressive activity unchanged. This increase essentially concerned the subset of CD4 ϩ Foxp3 ϩ CD103 ϩ cells displaying an activated cell phenotype, shown as the most potent subpopulation of Treg cells, efficiently migrating into inflamed sites (24 -26) . Despite the large increase in activated Treg cell frequency, gastritis developed. Challenging the view that d3-Tx gastritis resulted from a paucity in Treg cells, Monteiro et al. (44) showed that after their expansion, gastritogenic T cells outnumbered Treg cells, which have become unable to control disease development. These observations, together with the fact that gastritis development requires Tx to be performed before 7 days of age, indicate that LIP of gastritogenic T cells is initiated by self-ligands during the first week of life. One may ask why diabetes is not exacerbated in d3-Tx NOD mice and whether the differential effects of d3-Tx on gastritis and diabetes refer to the initial activation of islet Ag-specific T cells.
Although it is established that, following d3-Tx, some peripheral T cells rapidly proliferate, activation of anti-␤ cell T cells is delayed. Indeed, presentation of islet Ags is inactive during neonatal life. Notably, LIP of NOD.BDC2.5 cells (expressing a ␤ cell-specific TCR) occurs only in the PLN of mice older than 10 days (39, 45) . Similar results were found with transgenic cells expressing OVA under the control of the rat insulin promoter (39) . Good evidence supports a link between ␤ cell apoptosis and the initiation of autoimmunity. In all mouse strains, a wave of apoptosis occurs during the neonatal period, peaking at 9 -15 days, but the clearance of apoptotic debris is decreased in NOD mice (46, 47) . This wave provides the autoantigens required for the initial activation of Teff cells (48) . Thus, in 3-to 4-wk-old d3-Tx mice, when ␤ cell-specific T cells started to proliferate (39, 40) , the size of their pool was still that of neonates. At weaning, lymphopenia was not as severe as in neonates, so LIP was weak, and activation/ expansion of islet-specific T cells likely occurred normally under the control of Treg cells. Actually, adoptive transfer of diabetes by spleen T cells, in NOD-scid mice, revealed that the pool of pathogenic T cells was similar in adult d3-and sham-Tx mice.
Diabetes was accelerated in wk3-Tx mice (15) . In this case, Tx was performed precisely during the initial activation of ␤ cellspecific T cells, and the size of this autoreactive cell population was as large as in sham-Tx mice. Although wk3-Tx induced a moderate lymphopenia, LIP mechanisms engaged, leading to the proliferation of both conventional T and Treg cells (16, 27) . Possibly, the environment, thus generated, amplified the chronic activation of ␤ cell-specific T cells, accelerating the production of pathogenic T cells whose number augmented faster than in control NOD mice, causing early ␤ cell destruction and diabetes onset. Indeed, CD62L
Ϫ T cells from wk-3 Tx mice transferred diabetes more rapidly than CD62L Ϫ T cells from sham-Tx mice. This suggests that diabetogenic cells were more numerous and/or more potent in the activated T cell pool of wk3-Tx than of sham-Tx mice. Thus, acceleration of diabetes development in wk3-Tx may have resulted from an inability of Treg cells to control a more numerous/efficient pool of pathogenic T cells.
After wk3-Tx, 1) the number of Foxp3 ϩ CD4 ϩ T cells was almost identical to that in sham-Tx mice; 2) the frequency of CD103 ϩ Treg cells was largely increased, although less than in d3-Tx; and 3) their suppressive activity, in vivo as well as in vitro, was undistinguishable from that of sham-Tx mouse Treg cells. This sustains the notion that acceleration of diabetes in wk3-Tx mice did not result from a failure of Foxp3 Treg cells, but that wk3-Tx rather impacted on pathogenic T cells.
Additionally, that pathogenic T cells became resistant to Treg cell control cannot be ruled out. Indeed, escape of Teff cells to Treg cell control was observed in different situations of autoimmune diabetes in rodent (18, 28) and humans (49) . Notably, in the NOD mouse, the increased resistance of Teff to Treg cells with age may involve an overexpression of IL-21 (50) a cytokine critical for diabetes development (13, 51) .
In summary, the differential effects of Tx at 3 days or 3 wk of age on autoimmune diabetes development appear to be rather linked to the behavior of Teff than of Treg cells. Indeed, fully competent Treg cells were present in both models. The number/ pathogenicity of Teff cells was greatly amplified only after wk3-Tx and likely overcame Treg cell control, leading to an early tolerance breakdown. In contrast, in d3-Tx mice, activation of a scarce number of Teff cells at only 3 wk of age slowed down the amplification of Teff cells and diabetes incidence remained unchanged. This work illustrates once more the importance of the first checkpoint in diabetes development (52) and suggests that lymphopenia-induced autoimmunity may require, at least in the NOD mouse model, that thymus ablation and the first encounter of autoreactive T cells with their cognate Ag coincide.
